Alzheimer's disease (AD) is associated with neurodegenerative changes resulting clinically in progressive cognitive and functional deficits. The only therapies are the cholinesterase inhibitors donepezil, galantamine and rivastigmine and the N-methyl-Daspartate-receptor antagonist memantine. Donepezil acts primarily on the cholinergic system as a symptomatic treatment, but it also has potential for disease modification and may reduce the rate of progression of AD. This review explores the potential for disease modifying effects of donepezil. Several neuroprotective mechanisms that are independent of cholinesterase inhibition, are suggested. Donepezil has demonstrated a range of effects, including protecting against amyloid β, ischaemia and glutamate toxicity; slowing of progression of hippocampal atrophy; and up-regulation of nicotinic acetylcholine receptors. Clinically, early and continuous treatment with donepezil is considered to preserve cognitive function more effectively than delayed treatment. The possible neuroprotective effects of donepezil and the potential for disease pathway modification highlight the importance of early diagnosis and treatment initiation in AD.
Introduction
Alzheimer's disease (AD) is associated with neurodegenerative changes associated with depletion of nicotinic ACh receptors (nAChRs) and loss of cholinergic neurons resulting clinically in progressive cognitive and functional deficits (Krishnan et al., 2003; Takada-Takatori et al., 2009 ). The only approved therapies for AD are the cholinesterase inhibitors (ChEIs) donepezil, galantamine and rivastigmine and the N-methyl-D-aspartate-receptor antagonist memantine. Donepezil acts primarily as symptomatic treatment for AD, by enhancing concentrations of synaptic acetylcholine, thus improving interaction between the neurons of the cholinergic system involved in memory. In addition to this transient symptomatic mechanism, ChEIs have the potential for disease modification (or neuroprotection) such that they may also reduce the rate of progression of AD (Meunier et al., 2006; Leyhe et al., 2008; Takada-Takatori et al., 2009; Wiendl et al., 2015) .
Donepezil is a potent reversible ChEI that provides improvement of cognitive function across the spectrum of mild, moderate and severe AD with minimal side effects (Mohs et al., 2001; Birks and Harvey, 2006; Takada-Takatori et al., 2009) , with the greatest benefit being attained with early treatment initiation (Takada-Takatori et al., 2009) . Clinically, donepezil slows the rate of progression of AD and preserves cognition and function (Dubois et al., 2015; Krishnan et al., 2003) , and it has been shown to slow progression of hippocampal atrophy in patients with AD compared with untreated patients (Dubois et al., 2015; Krishnan et al., 2003; Hashimoto et al., 2005) . Although donepezil has been considered primarily as an agent for symptomatic treatment, previously published trials of donepezil, including clinical or preclinical/in vitro studies, have suggested a possible disease modifying or neuroprotective role from both cholinergic and non-cholinergic mechanisms ( Figure 1 ) (Zimmermann, 2013; Francis, 2006; Takada-Takatori et al., 2009; Meunier et al., 2006; Solntseva et al., 2014; Noh et al., 2009; Noh et al., 2013; Arias et al., 2005; Kimura et al., 2005; Takada-Takatori et al., 2008; Takada et al., 2003; Akaike, 2006; Shen et al., 2010; Yoshiyama et al., 2010; Akasofu et al., 2008) .
ChEIs are thought to have pharmacological activity in addition to inhibition of acetylcholinesterase (AChE; Wilkinson et al., 2004) . For example, donepezil and galantamine significantly increase nicotinic receptor density, which may be associated with enhanced synaptic strengthening through long-term potentiation and is related to cognitive function. Galantamine may also potentiate the action of acetylcholine on nicotinic receptors via allosteric modulation, although the effects are concentration-dependent. Rivastigmine also inhibits butyrylcholinesterase, Figure 1 Neuroprotective mechanisms of donepezil. AChE-R, AChE read-through form; AChE-S, AChE synaptic form; APP, amyloid precursor protein.
although it is not clear whether this contributes to its therapeutic effect. In this article, we review the potential for neuroprotective effects of donepezil and the diverse mechanisms of cell death in AD by which these effects might be exerted.
Mechanisms of AD
The pathogenesis of AD progresses in a sequential manner, from preclinical to early and late clinical stages, such that reliable biomarkers including amyloid β (Aβ), neuronal loss (neurofibrillary tangles and degree of hippocampal atrophy) and synaptic loss are seen in a temporally ordered manner (Chan et al., 2003; Vemuri et al., 2009; Jack et al., 2010) . There are several mechanisms of cell death in AD, including Aβ accumulation and plaque formation, neurofibrillary tangle formation from hyperphosphorylated tau protein, glutamate excitotoxicity and inflammation ( Figure 2 ) (Jack et al., 2010; Francis, 2006) . Biomarkers for AD include CSF Aβ 42 , increased tau in the CSF, decreased fluorodeoxyglucose uptake on PET, PET amyloid imaging and cerebral atrophy on magnetic resonance imaging (Jack et al., 2010) . Aβ has an affinity for the cholinergic system, impairment of which causes loss of learning and memory (Francis, 2006; Meunier et al., 2006) . Aβ can be mediated by the p75 neurotrophin receptor, causing neuronal cell death (Perini et al., 2002) . Aβ binds to nAChRs, causing desensitization or activation; nAChR activation induces tau phosphorylation, while depletion results in loss of cholinergic neurons (Francis, 2006; Takada-Takatori et al., 2008; Takada-Takatori et al., 2009) .
Neurofibrillary tangles are caused by tau deposition (Jack et al., 2010) . Structural modifications of tau can lead to neuronal dysfunction and cell death in AD. Glycogen synthase kinase-3 (GSK-3), a downstream target of the PI3K-PKB (Akt) pathway, has a role in neuronal cell death (Noh et al., 2009) . GSK-3 activation and decreased protein phosphatase 2A (PP2A) activity also has a role in tau hyperphosphorylation (Noh et al., 2013) .
Glutamate excitotoxicity is involved in many neurodegenerative diseases, including AD, in which glutamatergic neurons innervate cholinergic neurons in the basal forebrain (Francis, 2006; Akasofu et al., 2008; Takada-Takatori et al., 2009) . Aβ enhances neuronal vulnerability to glutamate toxicity. Aβ may also be involved in an inflammatory response in AD (Perini et al., 2002) . σ1 receptors have been shown to be decreased in patients with AD (Mishina et al., 2008) .
Vascular pathology may also contribute to AD, and most patients with AD have cerebral vascular changes (Kandiah et al., 2015; Kuznetsova and Schliebs, 2013; van der Flier, 2012; van Rooden et al., 2014) . Microbleeds and microinfarcts correlate with impaired cognition (van der Flier, 2012; van Rooden et al., 2014) . There may be a synergistic effect of small vessel cerebrovascular disease (CVD) with amyloid-tau pathology (Haight et al., 2013; Provenzano et al., 2013; Kandiah et al., 2015) . Aβ contributes to vascular injury, and Aβ lesions can be triggered by hypertension and ischaemic brain injury. Cholinergic dysfunction may also result in impaired cerebral blood flow (CBF), and there is an age-related relationship between Aβ accumulation,
Figure 2
Mechanisms of injury in AD. APP, amyloid precursor protein; ChAT; choline acetylase; CREB, cAMP response element-binding protein; HACU, high-affinity choline uptake; p75NTR, p75 neurotrophin receptor.
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cholinergic dysfunction and vascular impairment (Kuznetsova and Schliebs, 2013) .
Targets for neuroprotection in AD therefore include Aβ accumulation, glutamate signalling, inflammation, neurofibrillary tangle formation, σ1 receptors and vascular changes (Francis, 2006) .
Donepezil and neuroprotection
Preclinical studies in in vivo or in vitro models of AD suggest several neuroprotective mechanisms of donepezil that are independent of cholinesterase inhibition (Takada-Takatori et al., 2009) , including against Aβ toxicity (Arias et al., 2005; Kimura et al., 2005; Meunier et al., 2006; Noh et al., 2009; Noh et al., 2013; Solntseva et al., 2014) ; glutamate-induced neurotoxicity (Takada et al., 2003; Akaike, 2006; TakadaTakatori et al., 2008; Shen et al., 2010) ; neuroinflammation and tau pathology (Yoshiyama et al., 2010) ; and vascular pathology (Akasofu et al., 2008) . Neuronal AChE splice variants such as AChE read-through form may also have a role in neuroprotection and thus be a target for donepezil (Zimmermann, 2013) . Donepezil has demonstrated a range of activities, including protective effects against Aβ, ischaemia and glutamate toxicity; and slowing of progression of hippocampal atrophy in AD.
Donepezil, galantamine and rivastigmine have shown significant protection against Aβ-induced apoptosis in a neuroblastoma cell line (Arias et al., 2005) . The neuroprotective effects did not appear to be directly related to the primary mechanism of these drugs to inhibit cholinesterase, suggesting that donepezil and galantamine may offer neuroprotection by attenuating Aβ-induced toxicity via α7nAChRs and the PI3K-Akt pathway, but not rivastigmine. Donepezil, galantamine and huperzine A increase neuronal cell viability against Aβ42-induced toxicity in a concentration-dependent manner. Donepezil may prevent Aβ-induced neurotoxicity through the activation of PI3K-Akt and inhibition of GSK-3, in addition to upregulation of nAChRs (Noh et al., 2009; Noh et al., 2013) . Of the three drugs, donepezil provided the most potent inhibition of GSK-3 activity. A later study by the same group suggested a neuroprotective effect of donepezil via stimulation of PP2A activity (Noh et al., 2013) .
In rat septal neurons, donepezil significantly reduced Aβ neurotoxicity, evaluated by LDH efflux, in a concentrationdependent manner; concentrations of 0.1, 1 and 10 μmol·L À1 attenuated the mean LDH efflux by 9.4, 17.4 and 22.5% respectively (Kimura et al., 2005) . These results suggest that donepezil exerts a neuroprotective effect by reducing the amount of Aβ fibrils and that the effect is independent of its cholinergic effects. Both donepezil and tacrine have been found to attenuate Aβ(25-35)-induced toxicity in rat pheochromocytoma cells (Svensson and Nordberg, 1998) . In this study, the neuroprotective effect of tacrine was blocked in the presence of mecamylamine and tubocurarine, suggesting an interaction of tacrine via nicotinic receptors.
In a study of rat cortical neurons exposed to oxygen-glucose deprivation, LDH release was used as a marker of neuronal damage (Akasofu et al., 2003) . Cells pretreated with donepezil showed greater morphological preservation after oxygen-glucose deprivation. Donepezil significantly decreased LDH release in a concentrationdependent manner, while galantamine, tacrine and rivastigmine did not significantly affect LDH release. The neuroprotective effect of donepezil was not antagonized by scopolamine or mecamylamine. The results show that donepezil has a protective effect against oxygen-glucose deprivation-induced injury and is expected to protect against progressive degeneration of cortical neuronal cells in AD. Both donepezil and huperzine A have protective effects against oxygen-glucose deprivation in rat pheochromocytoma cells shown by reduced markers of cell death (Zhou et al., 2001) .
Donepezil may provide protection against glutamateinduced neurotoxicity by both direct and indirect stimulation of nAChR before the activation points for nitric oxide synthase, nAChR-PI3K-Akt and MAP kinase (TakadaTakatori et al., 2008) in a concentration-dependent manner (Takada et al., 2003) . Exposure of cultured cortical neurons to glutamate markedly reduces the viability of cortical neurons, while cells without drug treatment retain viability. Pretreatment of cultures with donepezil before glutamate exposure significantly retained cell viability, protecting cortical neurons against glutamate neurotoxicity (Takada et al., 2003) . Investigation into the mechanism of neuroprotection showed that donepezil activated the PI3K-Akt pathway and suppressed nitric oxide production and apoptosis (Akaike, 2006) . α7nAChR stimulation by donepezil has been shown to decrease glutamate toxicity through down-regulation of N-methyl-D-aspartate receptors (Shen et al., 2010) . Donepezil administered to a mouse model with a P301S tau mutation was found to ameliorate neuroinflammation, tau pathology, synaptic loss and neuronal loss and decrease tau insolubility and phosphorylation (Yoshiyama et al., 2010) . Investigation to confirm the anti-inflammatory effect of donepezil showed that the drug suppressed IL-1β and cyclo-oxygenase-2 expression in the brain and spleen, suggesting that donepezil directly prevents systemic inflammation.
Donepezil has high affinity for the σ1 receptor. Solntseva et al. (2014) found that the rescue effect of donepezil on hippocampal long-term potentiation impaired by Aβ was imitated by the σ1-receptor agonist PRE-084 and eliminated by the σ1-receptor antagonist haloperidol. In another study, donepezil showed more potent anti-amnesic and neuroprotective effects against Aβ-induced toxicity than PRE-084, tacrine, rivastigmine and galantamine (Meunier et al., 2006) .
Patients with AD have decreased brain-derived neurotrophic factor (BDNF) in the serum and brain, which may contribute to progressive neurodegeneration. Administration of donepezil results in increased BDNF in the hippocampus and cortex compared with baseline level (Leyhe et al., 2008) . Up-regulation of BDNF might contribute to the neuroprotective effect of donepezil.
Donepezil has been shown to maintain functional brain activity, measured by brain glucose metabolism, within 0.5% of mean baseline levels compared with placebo, which resulted in decline of 10.4% over 24 weeks (Tune et al., 2003) . Brain regions in which metabolic activity is enhanced by donepezil compared with placebo are the prefrontal areas, including the middle and superior-frontal cortices, premotor areas and Broca's area, which are areas that mediate attention, conscious memory and learning.
Early treatment with donepezil is thought to slow disease progression and preserve cognitive function more effectively than delayed treatment, possibly via a neuroprotective mechanism (Winblad et al., 2006) . In two studies in patients with mild cognitive impairment (MCI), who are at high risk for progression to AD, donepezil treatment resulted in significant improvement in Alzheimer's Disease Assessment Scale-cognitive subscale (ADAS-cog) scores (Table 1) (Salloway et al., 2004; Doody et al., 2009) . A delayed start study design (Mori et al., 2006) was used to assess the effects of early and late initiation of donepezil in patients with possible or probable AD (Winblad et al., 2006) . Patients receiving continuous donepezil therapy for 3 years had less global deterioration (Gottfries-Bråne-Steen scale) and better cognitive and functional abilities [Mini-Mental State Examination (MMSE) and Global Deterioration Scale] than those for whom donepezil initiation was delayed by 1 year (Table 1) .
In a study of the effects of donepezil on preservation of function in patients with AD (Mohs et al., 2001) , donepezil extended the median time to clinically evident functional decline by 5 months (Table 1) and was associated with a 38% reduction in the risk of functional decline over 1 year compared with placebo. The Swedish Alzheimer Treatment Study, evaluating continuous long-term donepezil treatment of AD in the clinical setting (Wallin et al., 2007) , found that the mean MMSE score increased and remained above baseline for more than 6 months. After 3 years, 38% of patients remained in the study, 30% of whom had unchanged or improved global assessment (measured by Clinician Interview-Based Impression of Change) ( Table 1) .
Patients who retain functional ability are better able to maintain activities of daily living (Galasko, 1998) . Adequate donepezil dose (≥5 mg·day À1 ) taken for 9-12 months has been found to delay progression to nursing home placement by up to 2 years compared with untreated patients (Geldmacher et al., 2003) . Therefore, use of donepezil may help patients with AD live in the community for longer.
Donepezil, cerebral blood flow and hippocampal atrophy
Donepezil pretreatment has been shown to significantly attenuate cerebral infarction volume after middle cerebral artery occlusion in rats (Fujiki et al., 2005) . Thus, donepezil might have a protective effect against progressive neurodegeneration in ischaemic CVD and AD (Akasofu et al., 2008) . A neuroprotective mechanism of donepezil might be preservation of regional CBF, which suggests preservation of functional brain activity (Nakano et al., 2001) . Single-photon emission computed tomography has shown greater preservation of regional CBF in several areas (right and left anterior cingulate gyri, right middle temporal gyrus, right inferior parietal lobules and prefrontal cortex) in patients with mild to moderate AD treated with donepezil for 1 year, than in placebo-treated patients (Nakano et al., 2001) . The anterior cingulate cortex is thought to promote the execution of action, motivation, planning, initiation of action and anticipation (Nakano et al., 2001) .
More recently, increased regional CBF in the middle cingulate cortex and posterior cingulate cortex after donepezil treatment has been shown to significantly correlate with behavioural changes measured by ADAS-cog scores (Table 2 ) (Li et al., 2012) . Intrinsic functional connectivity was significantly enhanced in the medial cholinergic pathway network in the parahippocampal, temporal, parietal and prefrontal cortices. Changes in the medial prefrontal areas correlated with the CBF level in the middle cingulate cortex and posterior Between-treatment differences for modified ADAS-cog were significant Between-treatment differences for CDR-SB were minimal and not significant 
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cingulate cortex and with the ADAS-cog scores. Hippocampal functional connectivity has been associated with improvement in ADAS-cog scores in patients with mild AD treated with donepezil, with greater connectivity recovery correlating with cognitive improvement (Table 2 ) (Goveas et al., 2011) . Measurement of hippocampal volume is important in research into AD, as the level of hippocampal atrophy correlates with the severity of AD and is a reliable marker of disease progression (Jack et al., 1997; Jack et al., 2002 ). An association between brain atrophy and cognitive decline has been shown by greater hippocampal atrophy rates in patients with AD than in age-matched controls . Increasing rates of hippocampal atrophy have been correlated with progression of AD according to cognitive rating scale scores (MMSE and global and sum-of-boxes Clinical Dementia Rating scale) (Dubois et al., 2015; Morra et al., 2009; Jack et al., 2004; Henneman et al., 2009; Vos et al., 2013) . Hippocampal atrophy and whole brain atrophy rates have been shown to distinguish between patients with AD, those with MCI and healthy controls (Henneman et al., 2009 ). Therefore, although hippocampal atrophy is not specific for a diagnosis of AD, it might be a sensitive surrogate marker of pathological stage and progression (Jack et al., 2002; Henneman et al., 2009; Vos et al., 2013) . Donepezil slowed progression of hippocampal atrophy, compared with untreated patients (Dubois et al., 2015; Krishnan et al., 2003; Hashimoto et al., 2005) . In patients with suspected prodromal AD, donepezil appeared to significantly slow progression of hippocampal atrophy compared with placebo (Table 2) (Dubois et al., 2015) . In a study of patients with probable AD who were or were not receiving donepezil and healthy controls, lower cognitive function was significantly associated with hippocampal atrophy in the group who did not receive donepezil (Table 2) (Ishiwata et al., 2014) . The lack of association between cognitive function and hippocampal volume in patients who received donepezil suggests that donepezil affects this relationship, possibly by acting as a disease modifier.
The rate of hippocampal atrophy has been used as a surrogate marker of disease progression in a study of patients with AD receiving donepezil and treatment-naïve controls (Hashimoto et al., 2005) . The mean annual decline in ADAS score and hippocampal volume were significantly greater in the control group than in the treated group (Table 2 ). The effect of donepezil on hippocampal atrophy remained significant after correcting for age, sex, disease duration, education, magnetic resonance imaging interval, apolipoprotein E genotype and baseline ADAS score. The reduced anatomical progression of AD in the treated group suggests the possibility of a neuroprotective effect of donepezil.
Significantly higher ADAS-cog scores and greater hippocampal volume have been found in donepezil-treated patients with AD compared with placebo, as well as higher N-acetylaspartate concentrations (reflecting reversible neuronal dysfunction) (Krishnan et al., 2003) . Cognition improved significantly in the donepezil group and declined in the placebo group, while total hippocampal volume decreased by 0.4% in the donepezil group and by 8.2% in the placebo group. The increase in N-acetylaspartate concentration also correlated with improvement in cognitive function in the donepezil treatment group, suggesting a neuroprotective effect of donepezil.
Conclusion
Preclinical evidence has demonstrated potential neuroprotective effects of donepezil in several models relevant to AD (Aβ-induced cell death, oxygen-glucose deprivation, glutamate-induced cell death). In clinical practice, these neuroprotective effects of donepezil may have a protective effect against progressive degeneration of brain neuronal cells, may allow the retention of functional brain activity and may attenuate hippocampal atrophy, thus slowing conversion of MCI to AD or deterioration in early AD. While this potential for disease modification highlights the importance of early diagnosis of AD and supports the initiation of therapy early in the disease course, further research into early treatment using surrogate markers of progression is warranted.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b,c,d ).
